High-conductance voltage-and Ca 21 -activated K 1 channels function in many physiological processes that link cell membrane voltage and intracellular Ca 21 concentration, including neuronal electrical activity, skeletal and smooth muscle contraction, and hair cell tuning [1] [2] [3] [4] [5] [6] [7] [8] . . Here we present the Ca 21 bound conformation of the gating ring. This structure shows how one layer of the gating ring, in response to the binding of Ca 21 , opens like the petals of a flower. The degree to which it opens explains how Ca 21 binding can open the transmembrane pore. These findings present a molecular basis for Ca 21 activation of K 1 channels and suggest new possibilities for targeting the gating ring to treat conditions such as asthma and hypertension.
Regulators of K 1 conductance (RCK) domains are ubiquitous among ion channels and transporters in prokaryotic cells [10] [11] [12] [13] [14] . Eight RCK domains assemble in the cytoplasm to form a closed-ring structure that changes its diameter on ligand binding, thus enabling the gating ring to regulate allosterically the transmembrane component of the transport protein. In prokaryotic cells, the gating ring most often consists of eight identical RCK domains, arranged as a tetrad of pairs, giving rise to a four-fold symmetric ring with identical top and bottom layers of RCK domains 12, 15 . Intracellular ligands such as Ca 21 or small organic molecules bind in a cleft between RCK pairs forming the top and bottom layers to affect the shape of the ring 12, [15] [16] [17] . RCK domains are also found in multicellular eukaryotes in the Slo family of K 1 channels 9,10, 18, 19 . There, two non-identical RCK domains are encoded in the carboxy terminus of the K 1 channel subunit. A tetrameric K 1 channel thus provides eight RCK domains to make a gating ring, but in contrast to most prokaryotic gating rings with identical RCK domains, the eukaryotic gating ring has one kind of RCK domain (RCK1) forming its top layer and another kind (RCK2) forming its bottom layer (Fig. 1a) . The structure of a Ca 21 -activated (Slo1 or BK) K 1 -channel gating ring in its Ca 21 -free, closed, conformation was recently determined (Protein Data Bank accession 3NAF), as was the structure of an RCK1-RCK2 pair in the presence of Ca 21 (PDB accession 3MT5), detailing the chemistry of the Ca 21 -binding site 9, 18 . These studies showed that the BK gating ring indeed has distinct top and bottom layers, and also that a Ca 21 -binding site known as the Ca 21 bowl is in a different location than the ligandbinding site in prokaryotic gating rings. These unique structural properties suggest that to regulate conduction, the eukaryotic gating ring may undergo conformational changes in a different manner than its prokaryotic counterpart.
We determined the crystal structure of the Ca
21
-bound gating ring from the zebrafish BK channel at a resolution of 3.6 Å using an expression construct in which a loop consisting of residues 839-872 was deleted (Fig. 1b -bound RCK1-RCK2 pair (PDB accessions as above), and its deletion in both the human and zebrafish BK channels has no detectable affect on function 9,18 ( Supplementary Fig. 3 ). Therefore, the relative stability of conformational states of the BK gating ring seem to be unaffected by this loop. Initial phases were determined by molecular replacement using the RCK1-RCK2 Ca 21 bound structure as a search model 18 . The solution showed the presence of eight RCK1-RCK2 pairs (two gating rings) per asymmetric unit of the crystal, which allowed eight-fold non-crystallographic symmetry averaging of electron density maps and eight-fold restraints throughout model refinement. The first step of refinement required rigid-body adjustment of the amino-terminal lobe of RCK1. The final model was refined to working and free residuals (R work and R free ) of 26.0% and 28.9%, respectively.
The zebrafish channel is 93% identical in amino-acid sequence to the human BK channel, for which the Ca -bound structure electron density attributable to Ca 21 is present in the Ca 21 bowl at the 'assembly interface', and, second, the RCK1 layer in the Ca 21 -bound gating ring is expanded from a diameter of 81 to 93 Å , measured at the position of Lys 343 (Fig. 1d, e and Supplementary Fig. 2c, d ). An objective comparison of conformational differences between the Ca 21 -bound and Ca 21 -free gating rings is achieved by superimposing all Ca atoms of the tetrameric gating rings. Such a superposition shows that the RCK2 components of the ring undergo very little change, and that only modest conformational differences occur at the assembly interface, except locally near the Ca 21 bowl (Fig. 2c and Supplementary Fig. 4 ). The Ca 21 bowl structure is nearly identical to that of the Ca
-bound RCK1-RCK2 pair 18 ( Supplementary Fig. 2e ). The major conformational change involves the N-terminal lobe of RCK1, which changes its angle with respect to RCK2 (Fig. 2a, b We next analysed whether these conformational changes are compatible with prior structural data on the opening and closing of K -free BK gating ring with a closed K 1 pore is shown in Fig. 3b . In this closed model, the distance between the C-terminal residue of the inner helix and the N-terminal residue of RCK1, which again was not constrained in making the model, is 32 Å . In this analysis, the similar pore-to-gating-ring distance (,32 Å ) in the open model and the closed model suggests that the magnitude of conformational change observed within the gating ring is compatible with the magnitude of change known to occur in the pores of other kinds of K 1 channel (Supplementary Movie 1, part 2) .
Whether or not the pore of the BK channel undergoes conformational changes similar to or different than those of other K 1 channels remains to be determined [22] [23] [24] [25] [26] .
Another feature of the model in Fig. 3 is noteworthy. In the published structure of the Ca 21 -free gating ring, part of the linker extending centrally from the gating ring towards the pore was present in the crystal structure and visible on the surface of the gating ring 9 . The linker was held by a four-helix bundle fused to the N terminus to facilitate crystallization. Although the linker position in the structure might be affected by this attachment, we note that it is almost coincident with the dashed lines in our closed model (Fig. 3b) . The agreement between the observed linker position in the crystal structure of the closed gating ring and its inferred position in the closed conformation of our model is an interesting correlation because the radial direction of the linkers in the model (dashed lines) would naturally allow the expansion of the gating ring to exert an opening force on the pore's inner helices. The idea that the gating ring exerts a direct force on the pore has been proposed on the basis of mutagenesis studies showing that the linker length is critical to efficient Ca 21 -mediated gating 19, 20 . The structural differences between the BK gating ring and the MthK gating ring underlie distinct ligand-induced conformational changes. A higher degree of molecular symmetry in the MthK gating ring stems from its containing eight identical RCK domains 12, 15 . Consequently, the MthK gating ring changes equally on both layers such that Ca 
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mechanical work remains an important outstanding question that will require further experimental and theoretical work to understand at a deep level.
The data and analysis presented here define end points in the Ca 21 -induced gating conformational transition of the BK gating ring. Given the large conformational change that occurs on Ca 21 binding, it should in principle now be possible to identify small molecules that stabilize one conformation or the other. Such small molecules promise to have important and possibly beneficial physiological effects because BK channels regulate smooth muscle tone in pulmonary airways and vascular beds [27] [28] [29] [30] .
METHODS SUMMARY
The cytoplasmic domain construct of the zebrafish BK channel including residues 341-1,060 with a loop deletion (residues 839-872) was expressed and purified as described previously 18 . However, the size exclusion chromatography was carried out in buffer containing 20 mM HEPES (pH 8.0), 150 mM NaCl and 20 mM dithiothreitol. The protein was concentrated to about 6 mg ml 21 and 10 mM CaCl 2 was added before crystallization experiments were performed. Crystals were grown at 20 uC using hanging-drop vapour diffusion by mixing equal volumes of protein and a reservoir solution containing 50 mM 2-(N-morpholino)ethanesulfonic acid, 4% (w/v) PEG 4000 and 100 mM potassium sodium tartrate (pH 6.3). The crystals belong to space group P2 1 2 1 2 1 and the unit cell has dimensions of a 5 137.65 Å , b 5 210.82 Å and c 5 238.76 Å with a 5 b 5 c 5 90u. Each asymmetric unit contains eight protein subunits forming two gating rings. The structure was determined by molecular replacement using the monomeric Ca 21 -bound human BK cytoplasmic domain (PDB accession 3MT5) as the search model. The final model was refined to a resolution of 3.6 Å with R work 5 0.260 and R free 5 0.289. Electrophysiology recordings were conducted using patch-clamp on Xenopus oocytes expressing the wild-type and mutant channels. 
